Dynamic combinatorial chemistry (DCC) is a powerful method for the identification of novel ligands for the molecular recognition of receptor molecules. The method relies on self-assembly processes to generate libraries of compounds under reversible conditions, allowing a receptor molecule to select the optimal binding ligand from the mixture. However, while DCC is now an established field of chemistry, there are limited examples of the application of DCC to nucleic acids. The requirement to conduct experiments under physiologically relevant conditions, and avoid reaction with, or denaturation of, the target nucleic acid secondary structure, limits the choice of the reversible chemistry, and presents restrictions on the building block design. This review will summarize recent examples of applications of DCC to the recognition of nucleic acids. Studies with duplex DNA, quadruplex DNA, and RNA have utilized mainly thiol disulfide libraries, although applications of imine libraries, in combination with metal coordination, have been reported. The use of thiol disulfide libraries produces lead compounds with limited biostability, and hence design of stable analogues or mimics is required for many applications.
Introduction
The molecular recognition of DNA and RNA is fundamental to many biochemical processes related to transcription, regulation, and gene expression. [1] [2] [3] The flexibility of these biomolecules leads to a diversity of secondary structures, whose formation and stability is highly dependent on the base sequence and environment. [4, 5] The study of small molecules that recognize and bind with high affinity and selectivity to duplex, triplex, and quadruplex DNA, as well as hairpins, bulges, and RNA loops has attracted significant interest because of the involvement of many of these structures in disease. [5] [6] [7] [8] [9] [10] [11] Medicinal and synthetic chemists have incorporated the features present in natural products to design new ligands in order to elucidate the rules that govern nucleic acid recognition. [5, 12, 13] While significant progress has been made in the design of synthetic molecules that bind to the minor groove of DNA, [12] the design of sequence-specific compounds that bind to the major or minor grooves remains challenging. Similarly, while good progress has been made in the design of synthetic ligands that stabilize triplex and quadruplex DNA, [9, [14] [15] [16] an improved understanding of how to target the unique molecular recognition features of different DNA secondary structures is still required. The recognition of RNA is much less advanced than DNA, with the unique folded structure requiring the ability to recognize structural parameters that arise from irregularities such as bulges, loops, and mismatches. [6] Dynamic combinatorial chemistry (DCC) is a new approach to understanding molecular recognition. In DCC, building blocks that incorporate functional groups that are able to undergo reversible reactions, are equilibrated to generate a dynamic combinatorial library (DCL) that comprises all possible combinations of the building blocks (Fig. 1) . [17] [18] [19] As a result of this reversibility, all library members interconvert to give a distribution that is under thermodynamic control. Addition of a target molecule that selectively binds to one receptor in the library serves to increase the concentration of that receptor at the expense of others in the DCL, and is followed by isolation and identification of the amplified receptor. The scope and applications of DCC are the subject of several excellent reviews. [17, [19] [20] [21] [22] [23] [24] This review will focus on the potential of DCC to identify new synthetic compounds for the recognition of nucleic acids. While an enormous number of studies have demonstrated the great potential of DCC to identify unexpected and novel receptor molecules, there have been limited studies with nucleic acids. The scope and limitations of DCC are discussed, as well as opportunities for identification of new lead compounds for improved understanding of the molecular recognition of nucleic acids.
DCC Reaction Conditions and Analysis
The choice of the functional groups that result in the reversible reactions required to generate a DCL and the need for aqueous solubility, present several challenges for the design of the building blocks for applications with nucleic acids. The functional group(s) need to undergo chemistry that is compatible with the experimental conditions required to maintain the secondary structure of the target nucleic acid structure, including the conditions required to initiate and quench the reversible reaction, and allow isolation of the selected product. The building blocks as well as the library members need to be soluble in aqueous solution in the approximate pH range 5-8, which can be difficult to achieve with aromatic chromophores that are typically present in intercalators and threaders. The reversible chemistry must also be compatible with the functional groups present in nucleic acids, notably the exocyclic amino groups, the phosphodiester backbone, and the C-4 and C-6 positions of the pyrimidines. [4] Table 1 summarizes the reported applications of DCC with nucleic acid targets. Studies have been performed to identify small molecules with affinity for duplex DNA, quadruplex DNA, and RNA. In addition, several examples of DCC applied to identify modified oligonucleotides that are stabilized by appended groups have been reported. As shown in Table 1 , almost all examples have utilized the reversible thiol-disulfide oxidation reaction, which can generally be conducted in aqueous media, in the physiological pH range, initiated and modulated by oxidized and reduced glutathione (GSSG/GSH). Under these conditions, there are no competitive reactions of the building blocks with the phosphate backbone or nucleophilic or electrophilic sites present in the nucleic bases. An interesting advantage of utilizing GSSG/GSH to facilitate the redox reaction is that the reagents also participate in the DCC reactions and thus add additional diversity to the constituents of the library.
Two methods have been commonly used to detect and analyze the amplified products in DCC studies with nucleic acids (Fig. 2) . In the most common method (Fig. 2a) , the biotinylated oligonucleotide target molecule is immobilized onto streptavidin-functionalized magnetic beads, by the strong biotin-streptavidin interaction, allowing ready separation of the DNA from the DCL members. [25, 26] Upon denaturing the DNA, and removing the beads, the compounds bound to the DNA are identified. In the second method, termed resin-bound DCC (RB-DCC) (Fig. 2b) , a library of resin-bound monomers are combined with an identical library of monomers in solution to generate a resin-bound DCL. [27] Addition of a fluorescently tagged target oligonucleotide, followed by analysis of the beads by fluorescence microscopy provides ready identification of the selected library members. An important feature of RB-DCC is that the solution phase and resin-bound components are in competition for target binding, which needs to be taken into account in the analysis of the beads, as diminished fluorescence may be a result of a strong solution binder being washed out of solution. Equilibrium dialysis has been used in DCC studies involving metal ions with both DNA and RNA. [28] Studies with Nucleic Acids Duplex DNA Miller and colleagues were the first group to report the selection and amplification of novel DNA-binding compounds using DCC. [29, 30] The DCL of 36 metal complexes was generated from a library of salicylaldimine ligands and zinc(II), and was performed in 10 Â 10 À3 M TrisÁHCl, 100 Â 10 À3 M KCl, 1% dimethyl sulfoxide (DMSO) at pH 7.5. The DCL was screened against poly d(AT) immobilized on a cellulose resin. While this study was important in establishing the principle of identification of novel DNA-binding compounds, the formation of unstable imines in water, partial hydrolysis of the metal complexes, and participation of the buffer in the reactions complicated the analysis of the results.
Balasubramanian and colleagues designed several thiolfunctionalized polyamides 1, 2, and 3 based on distamycin ( Fig. 3) with the goal of identifying the optimum number of heteroaromatic units for binding to an AT-rich duplex DNA sequence identified in the promoter region of oncogene c-kit, a possible site for intervention of transcriptional regulation. [25] Distamycin-like polyamides, which contain N-methylpyrrole and N-methylimidazole functional groups, can bind to the minor groove of double-stranded DNA with an affinity similar to Nucleic Acids and DCC 673 naturally occurring DNA-binding proteins in a sequencespecific manner. [12, 31, 32] In the presence of an 11-mer duplex, the heterodisulfide formed from oxidation of 2 and 3, and the homodisulfide of 3 were amplified.
Thiol derivatives of Hoechst33258, a known DNA minor groove binder with high AT selectivity were studied using an equilibrium shift assay. [33] Thiol, carboxylated, and alkylated derivatives of Hoechst33258 as well as the glutathione derivatives were studied and the DCL mixtures were analyzed in the presence of DNA sequences containing an A 3 T 3 binding motif. The ligands connecting Bis-Hoechst33258 units showed selective binding towards the DNA sequence with two A 3 T 3 binding sites as well as three-way junction DNA.
McNaughton and Miller illustrated the concept of RB-DCC by application to the detection of DNA-bisintercalators based on the naturally occurring quinoxaline depsipeptides echinomycin and triostin A, which is stabilized by an intramolecular disulfide bond (Fig. 4a) . [27] Several studies of synthetic variants have shown that the composition of the depsipeptide linker has a profound effect on the sequence selectivity of the bisintercalators. [34] A family of nine cysteine (Cys)-containing quinoline tripeptides (Fig. 4b) was oxidized to form a library of 45 unique disulfide dimers. The library was screened for binding against a DNA sequence reported to be preferably bound by triostin A (5 0 -TCTAGACGTC-3 0 ) and a sequence reported to be preferentially bound by a synthetic analogue (5 0 -CCATGATATC-3 0 ). Both oligonucleotide sequences were labelled at the 5 0 -end with the fluorophore tetramethyl-6-carboxyrhodamin (TAMRA). The serine bisquinoline disulfide 4 ( Fig. 4c ) was identified as a lead compound, and further independent DNAbinding experiments confirmed the high binding affinity of 4 for DNA. While this report demonstrated the concept of RB-DCC with a relatively small library of components, the authors highlighted the potential of RB-DCC for significantly larger libraries by the use of microarrays and beads as mixtures using an encoding system. [27] This approach has been used to generate a library of around 11000 members for detection of RNAselective small molecules [35] (see later section on RNA).
Quadruplex DNA
The identification of small molecules that bind selectively and with strong affinity to quadruplex DNA has attracted significant interest in recent years. [8, 9, 36, 37] G-quadruplex formation has been linked to telomer formation and has implications in cancer biology and ageing, and the stabilization of quadruplexes has the potential to control gene expression. [8, 9, 11] Schematic of formation of a dynamic combinatorial library formed from thiol and disulfide building blocks and detection of amplified products in the presence of a nucleic acid target using (a) biotinylated probes and streptavidin beads; [25, 26] and (b) resin-bound dynamic combinatorial chemistry. 3 . Structures of thiol-functionalized polyamides designed to mimic distamycin. [25] The potential of combining several distinct recognition units to recognize a human telomeric quadruplex formed from d(GTTACG) 5 was investigated using the thiols shown in Fig. 5 . [26] The hydrophobic acridone unit 5 was designed to intercalate in the terminal G tetrad of the quadruplex, and the thiol derivative of the tetrapeptide FRHR 6 has been reported to have quadruplex recognition properties. In the presence of GSH, a library of nine components was generated, including adducts of 5 and 6 with GSH. The disulfide formed from the oxidation of 5 with 6, as well as the hexapeptide dimer of 6, showed greater binding affinity with G-quadruplex DNA than other species present in the library. The amplification of the hexapeptide is a particularly interesting result, as there are no other reports of short peptides that bind quadruplex DNA with high affinity.
The DNA-binding properties of the DCL generated from thiol functionalized polyamides based on distamycin (see Fig. 3 ) was also contrasted with the quadruplex DNA. [25] These experiments showed that the homodimers formed from 2 and 3 have a much greater affinity for duplex DNA than for quadruplex DNA.
DCC has provided important insight into the requirements for specificity in G-quadruplex recognition by oxazole-peptide macrocycles. [38] Based on previous results that indicated that both the number and length of simple alkylamine side chains appended to the macrocycle are strong determinants of quadruplex affinity, [39] the library building blocks included derivatives of p-benzylic thiols and neutral carbohydrate derivatives with different potential for H-bonding and electrostatic interactions (Fig. 6) . The DCL was screened against two intramolecular quadruplex forming sequences (c-Kit21, c-Myc22) and a 22-mer duplex DNA for comparison. In the presence of c-Kit21 and c-Myc22, and the charged building blocks (Fig. 6b) , the two guanidinium disufides formed from 7 and 8, and 7 and 9, were amplified, demonstrating that the geometry and/or the hydrogen bonding potential of the side chains play a role, and it is not just overall charge that determines affinity. Of interest was the fact that under the same conditions in the presence of DNA there was no evidence for any binding. In the case of the carbohydrate building blocks (Fig. 6c) , there was also no perturbation of the DCL composition in the presence of DNA. However, the disulfide formed from 7 and 10 was most strongly amplified in the presence of c-Kit21. This disulfide as well as the disulfide formed from 7 and 11 bound to c-Myc22 with similar K d values.
In contrast to the examples above, Nielsen and Ulven employed disulfide scrambling to generate a DCL by the use of a central scaffold designed to carry and equilibrate with several side chains (Fig. 7) . [40] Three aromatic scaffolds, each carrying positively charged side-chains, were designed based on the structures of the majority of G-quadruplex ligands, which generally contain a central aromatic scaffold with one or several positively charged side chains. Cystamine hydrochloride was used to initiate the reaction, and the DCL was generated from the scaffolds and a large excess of the positively charged side chains in order to minimize oligomerization of the scaffolds. The reaction was conveniently monitored by the UV of the chromophores, which was outside the absorbance range of the side chains. From the equilibrium distribution of 18 species, the acridine 13 was extracted with high selectivity with a lower amount of the acridine 12 also extracted.
RNA
The rules that govern the design and synthesis of small molecules that bind with high sequence specificity and affinity to RNA are much less advanced than for DNA. The majority of RNA-binding molecules are natural products based on derivatives of amino glycosides, [7] but some synthetic peptide threaders have been successfully designed and synthesized to interact with RNA by a threading mechanism. [41] The first example of DCC applied to RNA involved the use of metal ion coordination as the reversible chemistry to generate the DCL. [28] Metal ion coordination with ligands provides significant diversity in a DCL as a range of different stoichiometries and geometries of the metal complexes can result depending on the coordination preference of the metal. However, the lability of metal-ligand coordination required to [27] generate the DCL presents challenges for isolation of the stable, selected metal complex. Karan and Miller used derivatives of salicylamide ligands for the construction of a RNA binding library in the presence of metal ions. The ligands included a variable position for incorporation of potential RNA-binding moieties. [28] It was assumed that square-planar mono and bis (salicylamide) complexes would form in the presence of Cu 2þ , with other coordination modes possible, giving at equilibrium, a minimum of 27 metal complexes. The library of metal complexes was equilibrated in the presence of an RNA hairpin derived from the GTP-binding P7 helix from the Pneumocystis carinii Group I intron, as well as the homologous DNA sequence for comparison. Using equilibrium dialysis and a 3500 molecular weight cut-off membrane, in the absence of Cu 2þ none of the ligands bound to either RNA or DNA. However, in the presence of Cu 2þ , rather surprisingly, a neutral peptide ligand was selected in preference to the positively charged peptide ligands.
UV titrations confirmed the strong affinity of the selected metal complex for the RNA hairpin, which exhibited greater than 300-fold selectivity over the DNA sequence. It should be noted however, that while binding to DNA was detected in the DCC experiment, there was no evidence for binding by UV, possibly as a result of non-specific binding or because the binding mode of the metal complex with DNA could not be detected by UV. While this communication demonstrated the potential of DCC to identify RNA binding molecules, the use of paramagnetic metal complexes, and the inability to fully characterize the overall shape and stoichiometry of the bound metal complex, highlights some of the difficulties in using metal ion coordination in DCC with nucleic acids.
In a series of papers, Miller and colleagues have demonstrated the very high potential of RB-DCC to identify novel RNA binding molecules (Fig. 8) . [10, 35, 42] The 22 nucleotide hairpin sequence in the HIV-1 frameshift stem-loop RNA was targeted . Structures of (a) oxazole-based peptide macrocycle 7, (b) cationic benzylic thiols, and (c) neutral carboydrate benzylic thiols used to generate a dynamic combinatorial library for recognition of quadruplex DNA targets. [38] by screening against a DCL with a theoretical size of 11325 members. [35] The library was constructed from 150-resin attached Cys-containing building blocks and an identical set of solution-phase building blocks (Fig. 8a) . Dimers formed from three of the building blocks were identified as possible RNAbinding compounds, and following synthesis of the pure dimers and measurement of affinity constants, the sequence-selective, high affinity dimer 14 formed from a single Cys-building block was identified (Fig. 8b) . In an independent study, the same library was screened for target compounds able to inhibit muscular dystrophy type 1 (MBNL1) binding to (CUG) repeat RNA. [42] Four lead compounds were identified and inhibited the interaction of GGG(CUG) 109 GGG RNA with MBNL1 in vitro with K i values in the low micromolar range.
In a very recent study, the olefin and hydrocarbon isosteres of 14, compounds 15 and 16 respectively (Fig. 8b) , were synthesized and tested for activity, as a first step to improving the biostability of the disulfide 14.
[10] The olefin analogue 15 had similar activity to the parent disulfide, and thus provides the basis for production of compounds that may be suitable for cellular assays of frameshifting.
Stabilized Oligonucleotide Conjugates
Rayner and colleagues have applied imine libraries, formed from an oligonucleotide functionalized with an amino group with a set of aldehydes, to the identification of covalently appended residues that stabilize oligonucleotides (Fig. 9) . [43] The library design involved incorporation of the reactive amine group as the 2 0 -amino-2 0 -deoxynucleotide 17. The higher nucleophilicity of the amino group at this position (pK a 6.2) ensured selective reaction at this position only and no reaction at the amino groups in the nucleic bases. The dynamic mixture of conjugated duplexes was generated in aqueous solution, the reaction was quenched with NaBH 3 CN to give the stable amines, and the products were analyzed by HPLC. A significant enrichment of the nalidixic conjugated product 18 was obtained compared with the other possible products. These initial results with the DNA model system were applied to a tertiary structured RNA complex formed by a loop-loop interaction between a RNA hairpin aptamer and its target the transactivationresponsive (TAR) RNA hairpin element of HIV-1.
[43] A 14-nucleotide version of the aptamer and a 27-nucleotide form of TAR (miniTAR) were used for the study. The nalidixic derivative 18 was amplified by 20% in the presence of miniTAR.
A later study extended this result to the incorporation of the appended stabilized ligand within the oligonucleotide ligand, [44] and allowed entry into DCC combined with systematic evolution of ligands by exponential enrichment (SELEX) for the in vitro selection of modified aptamers; i.e., structured RNA or RNA oligonucleotides that display specific target-binding or catalytic properties. [44, 45] Using this approach, conjugated RNA aptamers that bind tightly to the TAR element of HIV-1 were identified.
Very recently, DCC has been applied to the selection of triplex-forming oligonucleotides (TFO). [46] TFO designed to bind to a DNA target and stabilize triple-helix formation were selected from a DCL of amines and polyamines. [42] and (b) the lead compound 14 detected using this assay for HIV-1 frameshift stem loop RNA, [35] and hydrocarbon isosteres 15 and 16.
[10]
DNA Analysis
Very recently, DCC has been applied to single-nucleotide polymorphism (SNP) in DNA analysis. [47] While there are several methods available for SNP analysis, DCC was an attractive method for non-enzymatic genotyping of genomic DNA. The imine chemistry and approach is similar to that used for the identification of stabilized oligonucleotide conjugates shown in Fig. 9 , but relied on the novel use of the amine group in a peptide nucleic acid (PNA) backbone (Fig. 10b) . PNA is a peptide mimic of DNA in which the sugar-phosphate backbone of DNA is replaced by repeating N-(2-aminoethyl)glycine units linked by peptide bonds. The amino groups in PNA were treated with the aldehyde functionalized nucleic bases (Fig. 10a) , followed by reduction and analysis, for SNP analysis.
The synthesis of components for the generation of constitutional dynamic analogues of nucleic acids also deserves mention. [48] A range of bisfunctionalized nucleotide analogues containing hetero-and homotopic monomer units were synthesized for the generation of both main chain and side chain reversible polymeric mimics of nucleic acids.
Summary and Outlook
While DCC is now an established field of chemistry, the application to nucleic acids presents unique challenges. The design of building blocks with structural and functional features that may lead to the recognition of nucleic acid secondary structures requires chemistry that is compatible with biologically relevant conditions and methods for the isolation, detection, and characterization of the amplified molecules and binding mode(s) with the nucleic acid target molecule.
The highly sequence dependent conformational flexibility of nucleic acids, long-range effects, the involvement of bound water molecules, and the interplay between hydrophobicity and electrostatic potentials along the helix, are all important in molecular recognition. One of the major difficulties synthetic and medicinal chemists have faced in targeting nucleic acids . Selection of 3 0 -appended residues that stabilize a DNA duplex using dynamic combinatorial chemistry. [43] through traditional structure-based design is the conformationally flexible target of DNA or RNA. It is still not possible to accurately predict the shape and properties of a given DNA or RNA sequence, and in addition, significant conformational changes can often accompany binding. In this environment, DCC has the potential to offer enormous insights compared with other approaches, as all possible conformations of the nucleic target molecule can be accessed in the DCL and screened for the presence of binding ligands.
While a large number of reversible reactions are suitable for DCC, [17, 19, 20] in many cases these reactions cannot be performed under aqueous conditions, or involve reaction conditions and reagents that react with oligonucleotides, or denature nucleic acids. As shown in Table 1 , almost all examples to date have utilized reversible thiol disulfide reactions for applications with nucleic acids. However, the major limitations of these studies are the instability of the selected products in biological media that includes significant concentrations of the biological redox system GSH/GSSG as well as other thiols. [49, 50] Thus, the application of these compounds in medicine and biology requires the development of stable analogues of these lead compounds. The very recent report of stable olefin and hydrocarbon isosteres of the lead disulfide 14, that showed comparable binding affinities and biological activities, validates this approach. [10] It should also be noted that the solution DCC studies with nucleic acids have used small numbers of building blocks. The size of the library has been shown to be important in detecting binders and larger DCL have been shown to be likely to produce better binders. [51] Recent studies have identified new classes of non-classical heterocyclic DNA groove-binders that do not fit the established paradigm for minor groove binding, suggesting that new design features and modes of binding to DNA are yet to be discovered. [52] [53] [54] Similarly, DCC has significant potential to improve our understanding of factors that dictate groove location and specificity in linker design in DNA-bisintercalators and threaders. [55] [56] [57] The development of new reversible reactions that can be initiated and quenched under conditions compatible with nucleic acids, would expand the opportunities for nucleic acid recognition using DCC. Our recent studies have focussed on reversible aqueous metathesis reactions for potential applications in DCC as a step towards this goal. [58] 
